GEM (glycosphingolipid-enriched microdomains) are specialized detergent-resistant domains of the plasma membrane in which some gangliosides concentrate. Although genesis of GEM is considered to occur in the Golgi complex, where the synthesis of gangliosides also occurs, the issue concerning the incorporation of ganglioside species into GEM is still poorly understood. In this work, using Chinese hamster ovary K1 cell clones with different glycolipid compositions, we compared the behaviour with cold Triton X-100 solubilization of plasma membrane ganglioside species with the same species newly synthesized in Golgi membranes. We also investigated whether three ganglioside glycosyltransferases (a sialyl-, a N-acetylgalactosaminyl-and a galactosyl-transferase) are included or excluded from GEM in Golgi membranes. Our data show that an important fraction of plasma membrane G M3 , and most G D3 and G T3 , reside in GEM. Immunocytochemical examination of G D3 -expressing cells showed G D3 to be distributed as cold-detergent-resistant patches in the plasma membrane. These patches did not co-localize with a glycosylphosphatidylinositol-anchored protein used as GEM marker, indicating a heterogeneous composition of plasma membrane GEM. In Golgi membranes we were unable to find evidence for GEM localization of either ganglioside glycosyltransferases or newly synthesized gangliosides. Since the same ganglioside species appear in plasma membrane GEM, it was concluded that in vivo nascent G D3 , G T3 and G M3 segregate from their synthesizing transferases and then enter GEM. This latter event could have taken place shortly after synthesis in the Golgi cisternae, along the secretory pathway and/or at the cell surface.
INTRODUCTION
Glycolipids, particularly gangliosides (named according to [1] ), are important constituents of biological membranes of vertebrate cells. It has been speculated that they participate in cell-surface events such as signal transduction and cell adhesion [2] [3] [4] [5] [6] . Glycosphingolipids reside preferentially in GEM (glycosphingolipidenriched microdomains) at the cell surface [7] [8] [9] [10] , and it was hypothesized that glycosphingolipids segregated in specialized microdomains could regulate the distribution and function of membrane proteins [4, [11] [12] [13] [14] .
GEM are dynamic assemblies of cholesterol, saturated phospholipids and sphingolipids, which are characterized by their insolubility in Triton X-100 under cold conditions and by a light buoyant density [9, 11] . The presence of specific ganglioside species in GEM has been demonstrated in different systems with diverse experimental approaches. Segregation of ganglioside G M1 from G D3 on plasma membrane and isolated GEM from neurons has been reported [12] . G M1 was also found to be associated with GEM in the plasma membrane from CaCo-2 human intestinal epithelial cells [15] and COS-7 cells [16] , and a distinctive distribution of individual ganglioside species was found in CHO (Chinese hamster ovary) K1 cells, some of them in physical association with a GPI-AP [GPI (glycosylphosphatidylinositol)-anchored protein], a typical GEM constituent [14] . Also, partition of gangliosides into lipid clusters reconstituted in a supported model membrane monolayer has been reported [12, 13] .
Abbreviations used: CHO, Chinese hamster ovary; CFP, cyan fluorescent protein; ER, endoplasmic reticulum; GEM, glycosphingolipid-enriched microdomains; GFP, green fluorescent protein; Gal-T2, UDP-Gal:G A2 /G M2 /G D2 galactosyltransferase; GalNAc-T, UDP-GalNAc:LacCer/G M3 /G D3 N-acetylgalactosaminyltransferase; GPI, glycosylphosphatidylinositol; GPI-AP, GPI-anchored protein; HA, YPYDVPDYA nanopeptide of influenza virus haemagglutinin; HPTLC, high-performance TLC; mAb, monoclonal antibody; M6PR, mannose-6-phosphate receptor; NANase, neuraminidase; Sial-T2: CMPNeuAc:G M3 sialyltransferase; VSVG, vesicular stomatitis virus glycoprotein; YFP, yellow fluorescent protein. 1 To whom correspondence should be addressed (e-mail daniotti@dqb.fcq.unc.edu.ar).
It was early hypothesized that genesis of GEM occurs by a dynamic process in the trans-Golgi network where polarized sorting of apical and basolateral cargo occurs [7, 17] . However, few works refer to the existence of detergent-resistant domains in membranes of the secretory pathway. In this regard, the behaviour to detergent extraction of molecules such as GPI precursors, GPI-AP and sphingomyelin has been analysed in the ER (endoplasmic reticulum) and Golgi complex [18] [19] [20] [21] [22] .
So far, the membrane distribution of glycolipids, particularly gangliosides, at the Golgi complex has not been investigated. Most of the GEM constituents are synthesized in the ER and in the Golgi complex by enzymes resident in these organelles. Particularly, the synthesis of ganglioside molecules starts in the ER, where the ceramide moiety is synthesized, and continues in the lumen of the Golgi complex by the action of specific glycosyltransferases, which build up the oligosaccharide moiety ( Figure 1) . A major limitation in the search for GEM along the endomembrane system resides in the difficulty inherent in the collection of these membranes freed from contaminating plasma membrane, the main site of deposition of gangliosides, and in quantities sufficient to undertake this type of analysis. In this work, applying to CHO-K1 cells an experimental approach that overcomes the necessity of separation of Golgi membranes from plasma membranes, we have compared the behaviour of their respective constituent gangliosides to cold Triton X-100 solubilization. Gangliosides of Golgi membranes were radioactively labelled in vitro from appropriate radioactive sugar nucleotides and plasma membrane gangliosides were metabolically labelled by longterm feeding of cells with radioactive galactose. Different CHO-K1 cell clones were used, each stably transfected with particular glycosyltransferases and hence expressing different sets of ganglioside species, which allowed the examination of the detergent-solubility behaviour of individual ganglioside species, and of the acting glycosyltransferases. Our data show that an important fraction of plasma membrane G M3 , and most G D3 and G T3 , reside in GEM. Immunocytochemical examination of G D3 -expressing cells showed G D3 distributed as detergent-resistant patches in the plasma membrane. These patches did not co-localize with the GEM marker GPI-AP [23] , indicating a heterogeneous composition of the plasma membrane GEM. In Golgi membranes we were unable to find evidence for GEM localization of either ganglioside glycosyltransferases or newly synthesized gangliosides.
MATERIALS AND METHODS

Cell lines, cell culture and DNA transfections
The following CHO-K1 cell clones expressing different ganglioside glycosyltransferases were used: wild-type CHO-K1 cells (ATCC, Manassas, VA, U.S.A.); clone 2, a stable Sial-T2 [CMPNeuAc:G M3 sialyltransferase; tagged at the C-terminus with the YPYDVPDYA nanopeptide epitope of the viral HA (haemaggutinin)] transfectant expressing the ganglioside G D3 and G T3 [5, 24] ; clone 3, a stable GalNAc-T (UDP-GalNAc:LacCer/G M3 / G D3 N-acetylgalactosaminyltransferase; tagged at the C-terminus with ten amino acids of human c-Myc) transfectant mostly expressing gangliosides G M3 , G M2 and to a lesser extent G M1 and G D1a [25] , and clone 4, a stable double transfectant expressing GalNAc-T and Gal-T2 (UDP-Gal:G A2 /G M2 /G D2 galactosyltransferase; tagged at the C-terminus with the HA epitope) [14] having increased expression of G M1 and G D1a .
Cells were maintained at 37 Triton X-100 membrane extraction Cells were washed with cold PBS and harvested by scraping. Samples were treated with 0.5 ml of lysis buffer containing 150 mM NaCl, 5 mM EDTA, 1 % Triton X-100, 0.1 M Na 2 CO 3 , 5 µg/ml aprotinin, 0.5 µg/ml leupeptin, 0.7 µg/ml pepstatin and 25 mM Tris/HCl, pH 7.5 (TNE buffer), at 4
• C for 1 h, and then centrifuged for 1 h at 100 000 g at 4
• C. The supernatant (soluble fraction) was removed, and the pellet (insoluble fraction) was resuspended in 0.2 ml of lysis buffer. Proteins from soluble and insoluble fractions were precipitated with chloroform/methanol (1:4, v/v). The pellets were resuspended in Laemmli buffer [26] and subjected to SDS/PAGE and Western blotting.
Sucrose-density-gradient separation
Cells were lysed in 0.5 ml of TNE lysis buffer at 4
• C for 1 h. Lysates were centrifuged for 10 h at 150 000 g at 4
• C on continuous sucrose gradients (5-35 %) in TNE buffer without Triton X-100. Twelve fractions were collected from the bottom of the tube with a fraction collector. Proteins in each fraction were precipitated with 10 % trichloroacetic acid, resuspended in Laemmli buffer and subjected to SDS/PAGE and Western blotting. Sucrose concentration in each fraction was determined by refractometry.
Electrophoresis and Western blotting
Proteins were resolved by electrophoresis through SDS/PAGE gels (4-20 %) under reducing conditions [26] and then electrophoretically transferred to nitrocellulose membranes [27] for 1 h at 300 mA. Protein bands in nitrocellulose membranes were visualized by Ponceau S staining. For immunoblotting, nonspecific binding sites on the nitrocellulose membrane were blocked with 5 % non-fat dry milk or with 2.5 % BSA/2.5 % polyvinylpyrrolidone 40 in Tris-buffered saline (400 mM NaCl/ 100 mM Tris/HCl, pH 7.5), depending on the antibody. Anti-GFP (green fluorescent protein) polyclonal antibody (Roche Molecular Biochemicals), anti-HA and anti-c-Myc [mouse mAbs (monoclonal antibodies)] were used at a dilution of 1:800, 1:500 and 1:300, respectively. Bands were detected by Protein A coupled to horseradish peroxidase combined with the chemiluminescence detection kit (Western lightning; PerkinElmer Life Sciences, Indianapolis, IN, U.S.A.) and Kodak Biomax MS films. The molecular masses were calculated based on calibrated standards (Gibco-BRL) run in every gel. The relative contribution of individual bands was calculated using the computer software Scion Image on scanned films of low-exposure images.
Radioactive labelling of gangliosides
For in vitro labelling of endogenous gangliosides in Golgi membranes, CHO-K1 cells were suspended in 10 mM Tris/HCl buffer (pH 7.2) containing 0.25 M sucrose, washed twice in the same solution and homogenized. A microsomal membrane fraction (containing Golgi membranes) was collected by centrifugation for 1 h at 100 000 g. One-step labelling of endogenous ganglioside acceptors [28] 
Lipid extraction and chromatography
For glycolipid analysis, cells after metabolic labelling were washed with cold PBS, scraped from the plate and pelleted by centrifugation. Then lipids were extracted from the pellet with chloroform/methanol (2:1, v/v) and freed from water-soluble contaminants by passing through a Sephadex G-25 column. The lipid extract was supplemented with appropriate amounts of standard gangliosides and chromatographed as indicated below.
For GEM analysis, membranes after labelling endogenous gangliosides in vitro or cells after metabolic labelling were extracted with 1 % Triton X-100 at 4
• C. Glycolipids from the supernatant (soluble fraction) and from the pellet (insoluble fraction) were subjected to Folch-Pi partition [29] . The resulting aqueous phases were freed from Triton X-100 and sucrose (non-ionic molecules) by passing through DEAE-Sephadex column. Under this condition, neutral lipids such as glucosylceramide and lactosylceramide co-eluted with Triton X-100 in the non-retained fraction. The acidic lipid fraction retained in the column (gangliosides) was eluted with 0.1 M sodium acetate and the salt removed by passing through Sep-Pak C 18 cartridge column (Waters Corporation, Milford, MA, U.S.A.). The eluted lipid fraction was supplemented with appropriate amounts of standard gangliosides and chromatographed on HPTLC plates (highperformance TLC plates; Merck, Darmstadt, Germany) using chloroform/methanol/0.2 % CaCl 2 (60:36:8, by vol.) as solvent. Standard gangliosides were visualized by exposure of the plate to iodine vapours. Routinely 2000-3000 c.p.m. were spotted on each lane. Radioactive gangliosides were visualized using a Fuji Photo Film Bio Imagen analyser or visualized by fluorography after dipping the plate in 0.4 % melted 2,5-diphenyloxazole in 2-methylnaphthalene and exposure to a radiographic film at − 70
• C, usually for 4-6 days [5] .
Immunofluorescence microscopy
Cells grown on coverslips were washed twice in PBS, fixed in acetone at − 20 • C for 7 min, washed in PBS and incubated in 3 % BSA/PBS buffer for 1 h at 37
• C to block non-specific binding sites. Coverslips were then incubated overnight at 4
• C with primary antibodies, washed five times with 1 % BSA/PBS buffer, and exposed to secondary antibodies for 1.5 h at 37
• C. Confocal images were collected using a Carl Zeiss LSM5 Pascal laser scanning confocal microscope equipped with an argon/helium/neon laser and a 63× (numerical aperture, 1.4) oilimmersion objective (Zeiss Plan-Apochromat).
Neuraminidase treatment
Cells from clone 4 metabolically labelled as indicated above were incubated for 2 h at 37
• C in Dulbecco's modified Eagle's medium containing 2 units/ml neuraminidase (NANase) type V from Clostridium perfringens (Sigma-Aldrich, St. Louis, MO, U.S.A.), washed with PBS and lipids were extracted and chromatographed as indicated above.
RESULTS
CHO-K1 cell clones
The pattern of radioactive gangliosides of cell clones expressing different ganglioside glycosyltransferases is shown in Figure 1 . We have previously shown that after 24 h of metabolic labelling most radioactive gangliosides localize at the plasma membrane [14] . Wild-type CHO-K1 cells predominantly express the ganglioside G M3 (Figure 1, WT) , while those stably expressing the Sial-T2 cDNA (clone 2) [5, 24] synthesize mostly G D3 and G T3 , accumulate lactosylceramide and accumulate practically no G M3 (Figure 1, clone 2) . CHO-K1 cells stably expressing the human full-length GalNAc-T cDNA (clone 3) [25] synthesize the a-series ganglioside G M2 and, to a lesser extent, G M1 and G D1a because of the constitutive expression in these cells of the enzymes involved in the synthesis of G M1 and G D1a [30] (Figure 1, clone 3) . Clone 4, stably expressing both GalNAc-T and Gal-T2, shows increased expression of G M1 and G D1a (Figure 1,  clone 4) . 
Triton X-100 extraction of different plasma membrane gangliosides
Clones metabolically labelled as indicated in Figure 1 were extracted with 1 % Triton X-100 at 4
• C and lysates were separated in a soluble and an insoluble fraction by centrifugation for 1 h at 100 000 g at 4
• C. Gangliosides were purified from the soluble and insoluble fractions and analysed by HPTLC as indicated in the Materials and methods section. G M3 from wild-type cells partitioned in equal percentage between the soluble and the insoluble fractions ( Figure 2) and G D3 and G T3 from clone 2 were about 80 % insoluble to Triton X-100 extraction. On the other hand, more complex gangliosides such as G M2 in clone 3 or G D1a and G M1 in clone 4 were mainly found in the soluble fraction. To better analyse the behaviour of G M1 to detergent extraction, the amount of G M1 was increased in clone 4 by incubating the cells with C. perfringens NANase to convert G D1a to G M1 (Figure 2 , Clone 4 + NANase). Even under these conditions, G M1 was found mainly in the soluble fraction after detergent extraction. Results from this experiment disclose a different behaviour of individual ganglioside species to detergent extraction, which probably reflect the heterogeneous composition of GEM present in membranes from different CHO-K1 cell clones [12, 14] .
The disialo ganglioside G D3 is enriched in patches in the plasma membrane of CHO-K1 cells expressing Sial-T2
Biochemical results from Figure 2 disclosed that G D3 from clone 2 was about 80 % insoluble to Triton X-100 extraction. We next characterized in this clone the subcellular location of G D3 and analysed its behaviour to Triton X-100 extraction of cells before fixation. As shown in Figures 3(A) and 3 (B) G D3 immunostaining with mAb R24 was typical of a plasma membrane constituent with a patchy distribution, although a minor fraction was also observed in internal membranes. The expression of G D3 was under the limit of detection in wild-type CHO-K1 cells, which only express G M3 , thus confirming the specificity of the antibody (result not shown). Membrane patches of G D3 remained as such after extraction of cells with 1 % Triton X-100 at 4
• C, before fixation ( Figure 3C ). Under the same conditions VSVG-CFP, a non-GEM marker, was efficiently removed while GPI-YFP, a GEM marker, remained associated to the cells (result not shown). The fraction of G D3 observed in internal membranes was further investigated by examining co-localization with appropriated markers of organelles. Co-localization of G D3 was observed neither with calnexin, an ER marker ( Figures 3D-3F) , nor with mannosidase II, a medial Golgi marker (Figures 3G-3I ). However, G D3 was found partially co-localizing with M6PR, a marker of the transGolgi network and late endosomes [24] (Figures 3J-3L , see yellow spots in merge panel 3L). The co-localization of G D3 with M6PR observed on vesicular structures close to the plasma membrane probably represent late endosomes because no colocalization was observed of G D3 and GalNAc-T, a trans-Golgi network resident protein in CHO-K1 cells [25] (result not shown).
To determine if other GEM-associated molecules co-localize with G D3 in membrane patches, cells expressing G D3 (clone 2) were transiently transfected with a cDNA encoding GPI-YFP, a chimaeric protein containing a GPI-anchored signal fused to the YFP. Interestingly, G D3 was essentially found not to colocalize with GPI-YFP (Figures 3M-3O) . Altogether, results of Figure 3 show that G D3 is mainly expressed as detergentresistant patches on the plasma membrane of cells (in line with biochemical experiments shown in Figure 2 ), although it did not co-localize mainly with GPI-YFP, a previously well-characterized GEM marker [23] .
Newly synthesized gangliosides are excluded from GEM in Golgi membrane
To investigate if GEM localization of plasma membrane gangliosides is defined at the stage of their synthesis in the Golgi complex, microsomal membranes (containing Golgi membranes) were collected from wild-type CHO-K1 cells or from CHO-K1 clones 2, 3 and 4 and incubated for 2 h with different labelled nucleotides as follows (see Figure 1) Figure 4 shows the behaviour to Triton X-100 extraction of different newly synthesized ganglioside species. Interestingly, all gangliosides species were found to partition into the soluble fraction of Triton X-100 extraction. A minor percentage (< 5 %) of G D3 and G T3 from clone 2 was also found in the insoluble fraction. These results indicate that newly synthesized gangliosides are not typical components of GEM in membranes from Golgi complex.
Ganglioside glycosyltransferases are excluded from GEM in Golgi membranes
We next explored the behaviour of three different ganglioside glycosyltransferases to the extraction with Triton X-100 at 4
• C. The Golgi expression of these full-length, tagged forms of sialyl-, N-acetylgalactosaminyl-and galactosyl-transferases has been described already [24, 25, 31, 32] . The solubility or insolubility of the enzymes in the non-ionic detergent was analysed by both velocity sedimentation and isopycnic separation in a continuous sucrose gradient. Cell homogenates from CHO-K1 clones constitutively expressing Sial-T2 (clone 2) and stable doubletransfectant cells expressing GalNAc-T and Gal-T2 (clone 4) were extracted with Triton X-100 at 4
• C and then ultracentrifuged for 1 h at 100 000 g at 4
• C. The supernatants (soluble fraction) and the pellets (insoluble fraction) were resuspended in lysis buffer, resolved in SDS/PAGE and Western blotted with the appropriated antibodies. As shown in Figure 5 , Sial-T2, GalNAc-T Cell homogenates from CHO-K1 clones constitutively expressing Sial-T2-HA (clone 2), stable double transfectant expressing GalNAc-T-myc (where myc is 10 amino acids of human c-Myc) and Gal-T2-HA (clone 4) and CHO-K1 cells transiently expressing GPI-YFP (GEM marker) or VSVG-CFP (non-GEM marker) were extracted with Triton X-100 at 4 • C and then ultracentrifuged for 1 h at 100 000 g at 4 • C. The supernatants (S, soluble fraction) were removed, and the pellets (I, insoluble fraction) were resuspended in lysis buffer. Proteins from soluble and insoluble fractions were resolved in SDS/PAGE and Western blotted with the appropriate antibody (anti-GFP to reveal GPI-YFP and VSVG-CFP, anti-HA to reveal Sial-T2 and Gal-T2 or anti-c-myc to reveal GalNAc-T).
and Gal-T2 were 97, 98 and 90 % soluble, respectively. As a control, we analysed the behaviour to Triton X-100 extraction of GPI-YFP, a GEM marker, and of VSVG-CFP, a non-GEM marker. As expected [14] , the GEM marker (GPI-YFP) was 91 % insoluble, whereas the non-GEM marker (VSVG-CFP) was less than 30 % insoluble ( Figure 5 ). Additionally, we also examined the distribution of the glycosyltransferases in sucrose density gradients ( Figure 6 ). For this, homogenates from • C and lysates were subjected to continuous sucrose gradient ultracentrifugation, fractionation and detection of the fusion proteins and protein markers by Western blotting. Under these conditions, proteins and lipids resistant to 1 % Triton X-100 extraction float at low-density fractions as is the case for the GEM marker GPI-YFP [14] . In contrast, VSVG-CFP (a non-GEM marker) distributed in higher-density fractions, behaving essentially as Triton X-100-soluble proteins [18] (Figure 6 ). Sial-T2, GalNAc-T and Gal-T2 showed a clear co-distribution with VSVG-CFP, reinforcing the solubility behaviour with cold Triton X-100 observed in Figure 5 . These results, together with those showing the solubility behaviour of newly synthesized gangliosides to cold detergent, indicate that Sial-T2, GalNAc-T, Gal-T2 and the precursor pool of gangliosides are mainly excluded from GEM in Golgi complex.
DISCUSSION
We have compared the behaviour to cold detergent extraction of individual ganglioside species of plasma membrane with that of the same species newly synthesized in Golgi membranes from CHO-K1 cells. We also investigated if ganglioside glycosyltransferases are included in Golgi membrane GEM. The analysis of plasma membrane gangliosides revealed that G D3 and G T3 were almost completely insoluble to detergent extraction. G M3 was found to partition equally between soluble and insoluble fractions while more complex gangliosides such as G M2 , G M1 and G D1a were mainly found in the soluble fraction.
Immunocytochemical examination of G D3 -expressing cells showed this ganglioside expressed at the cell surface as patches resistant to cold-detergent extraction of the cells before fixation. Interestingly, these patches did not co-localize, in general, with the well-characterized GEM marker GPI-YFP [23] . This is consistent with the already observed coexistence of compositionally distinct lipid microdomains within a given membrane [12, 14, 33, 34] . Other protein components like Lyn and caveolin have been reported to associate to G D3 in GEM from neural cell lines and CHO cells, lending support to the idea that GEM containing G D3 could represent a vehicle for transporting signalling molecules to sites of signal coupling [35] .
In contrast to what was observed for G M3 , G D3 and G T3 in the plasma membrane, most of these newly synthesized species in Golgi membranes partitioned into the soluble fraction of colddetergent extraction. Less than 5 % of G D3 and G T3 from clone 2 were found in the insoluble fraction. Similar behaviour was observed for the Golgi-resident ganglioside glycosyltransferases Sial-T2, GalNAc-T and Gal-T2, which were almost completely soluble to detergent extraction. Glycolipid glycosyltransferases form multienzyme complexes in the Golgi membranes [36] [37] [38] on which the substrates are channelled from the position of product to the position of acceptor for the next transferase [36] . It is possible that by virtue of the size of the complexes, or as it has been hypothesized, because on average the transmembrane domain of transferases is too short to span the transport vesicle membrane [39] , they do not enter GEM in the Golgi. As a consequence, it is reasonable that gangliosides in the pathway of synthesis labelled in vitro by incubation of the Golgi membranes with radioactive sugar nucleotides behave also as if excluded from GEM. Since the same ganglioside species appear in plasma membrane GEM, this implies that nascent gangliosides such G D3 , G T3 and G M3 segregate from their synthesizing transferases and then enter GEM. This event could have taken place along the secretory pathway and/or at the cell surface or shortly after synthesis in the Golgi cisternae. In the conditions of the in vitro labelling experiment the genesis of transport vesicles is limited by the absence of cytosol and ATP. However, we cannot reject the idea that the minor fraction of G D3 and G T3 insoluble in cold detergent represent molecules segregated to transport vesicle membranes or to trans-Golgi membranes just before budding. In these structures the lipid gradient of ERsynthesized cholesterol [21] could favour the conditions for GEM formation [34, 40, 41] .
The use of CHO-K1 cell clones expressing particular sets of gangliosides, and the possibility of comparison of the detergent solubility properties of newly synthesized molecular species with that of the same species delivered to the plasma membrane, provides an excellent system to explore the cell biology of GEM assembly, a still poorly understood issue.
